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Abstract 
The paper is presenting simulation and methods of using the sophisticated (robust and fuzzy) control theory in the process of designing 
the control system for nonlinear system of steam superheating. Even if all methods are used on the high pressure steam part control, it is 
possible to use these methods on the low pressure part and many other nonlinear systems by the same way. The standard structure is based 
on the cascade structure with two PI (PID) controllers. In the short introduction to the nonlinear model building and a set of corresponding 
LTI models are presented. The nonlinear model is used mainly to the verification, the LTI model is used to controller design. Some basic 
formulas and procedures from the sophisticated control theory are presented, too. The paper shows the quality of the sophisticated control 
algorithms for trend changes on the high pressure steam part. Fuzzy strategy uses a tuning strategy and robust centralized and 
decentralized control. Finally, the comparison of standard and sophisticated algorithms on a nonlinear model is shown. 
© 2012 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
LTI linear time invariant model 
m  mass flow rate (kg/s) 
ρ  density (kg/m³) 
α  heat-transfer coefficient (kg/ m2K) 
Wm weighted filter 
G  transfer function 
1. Introduction 
We want to present an alternative way how to control processes with standard cascade structure and how to find 
controller settings in the form of robust and fuzzy controllers instead of the traditional PI. This paper is focused on steam 
temperature control in once-through boiler, concretely, the high pressure (HP) part. The temperatures on the output from 
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boiler must be in the narrow range above the desired nominal value. Sometimes the standard PI controller cascade structure 
has a problem with oscillations on the outputs, with nonlinear effect and disturbance. We want to solve this problem by 
reconstructing the same structure but with some modern sophisticated control theory. 
The nonlinear model of controlled part was build and is used to verify the controller behavior. Additionally, the LTI 
model was created.  This model is better to use for the design sophisticated algorithms than the nonlinear model. We use a 
set of LTI models on several input power heating levels to obtain better description of the system in full range. The system 
has a standard structure (Fig. 1) consisting of a water heater, an evaporator, a superheater as an uncontrolled part and three 
other controlled superheaters. 
Fig. 1 Structure of the high pressure part 
2. Nonlinear and linear model 
At first, we build the nonlinear model to allow us to design and verify the control algorithms. Nonlinear model used is 
based on basic thermodynamics equations. We suppose that the input power is known for all heat exchangers which bring us 
some simplification in equations, but the dynamic and steady states are in standard levels. We use only three equations for 
all heat exchangers. The first is a mass balance (1), the second is an energy balance (2) and the third is an equation for the 
temperature dynamics of the tube (3) [1]. We add the steam tables [2] into the model. This step allows us to compute all 
steam thermodynamics properties in every computation step. Finally, we made a linearization of nonlinear model on several 
levels. This linear model was used for design sophisticated algorithms. We concentrated on the 70 % heating power level. 
This heating level and LTI models on this level are used as key points to design robust controller. ). We suppose the 
simplified structure of the system as shown in Fig. 2. The cascade control is realized by PI controllers in present original 
structure [3], [4]. 
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Since we have a nonlinear state space model of once-through boiler in the MatLab, can be used to obtain a linear model, 
local linear model approximation of the nonlinear state model. The MatLab software tools are developed that allow for 
linearization. It is possible to use functions linearize. The basis of these methods is the replacement of sub-blocks in the 
Simulink model, linear state-space equations. This procedure preserves the number of integrators in the linearized model 
and linearized model has the same order as the nonlinear part of the system. This feature after entering the point of entry and 
exit point in the simulation scheme will return the image transfer between the defined points. Thus we can again create a set 
of transmissions for heat exchangers (Superheater 2, Superheater 3, and Superheater 4) and the power levels in the range of 
50 to 100%. 
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Fig. 2 Block diagram of the superheater heat approximation 
3. Robust control 
3.1. Decentralized robust controller design  
In this chapter we will discuss the synthesis of H controller while maintaining a cascade structure, while the inner loop 
will be involved robust proportional controller RPID(s) and the outer loop will be involved in robust H controller R(s), as 
shown in Fig. 3. It is possible to separate particular superheaters from linear model of high pressure part, work with them 
separately and use them for the process of finding P and H controller, respectively. The synthesis will be performed for the 
nominal linear model of superheater 2 power level of 70%. 
Fig. 3 The block structure for the synthesis of H controller in the cascade structure 
At first, we designed P controller for inner (small) loop. The value of proportional gain was set up manually; the 
compensation of valve’s nonlinearity is a good starting point to design P/PI controller in real application. Subsequently, the 
H controller is designed for outer loop of cascade control structure. From Fig. 3 expressing the transfer function GToutu2 that 
will be needed for the synthesis of robust controller R(s) in the outer loop. Transfer has the form 
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Transfer of the nominal system we get by putting the individual sub-transfers obtained linearization superheater 2 on the 
power level of 70% to (4). We suppose the structure of control system with multiplicative uncertainty for the synthesis (Fig. 
4) [5], [6]. The common uncertainty is defined as a multiplication of Wm (s) and ǻm(s).  The Wm (s) transfer has low order in 
time domain and it is called “weighted function”. Let is the nominal transfer of the system Gnom a transfer in the nominal 
situation. 
The transfer of the controlled system with multiplicative uncertainty in frequency domain is possible to write in the 
following form: 
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Fig. 4 Model multiplicative uncertainty 
The transfer of the filter Wm modulate the uncertainty depending on the frequency Ȧ. It is also possible to define the 
tolerance area of uncertainty with a help of weighted function Wm. The behavior of the relative error 
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For corresponding systems and the weighted function (7) is illustrated on the next figure   (Fig. 5). 
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Fig. 5 The relative uncertainty and weighted function Wm
We are using the minimization of mixed sensitivity function [5], [6] for the H controller design. This function provides 
practical contribution for commonly defined requirements of control quality in a simple way. The action value penalization 
and the robustness toward unstructured dynamic uncertainty are presented as well. The H controller optimization process 
can be expressed as 
min  .
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The relevance and the shape of weighted filters Wp, Wu, Wm are well-known characteristics described in a specialized 
literature [5], [6]. The shapes of weighted filters and sensitivity function S and T are shown on the Fig. 6. The final transfer 
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of found H controller for the superheater 2 is in the form (9). The controller has to fulfill the condition (8). We would 
continue with all other superheater controllers in the same way. The equation for all other superheaters follows a similar 
pattern: 
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Fig. 6 The weighted filters and sensitivities 
3.2. Centralized robust controller design 
 Controller design procedure is the same as in the previous chapter. The difference here is that the system is connected in 
series superheaters (Fig. 7) is described by the transfer matrix. This matrix is lower triangular (10). The weighting functions 
are represented as diagonal matrices (eg, 11). Transferring the resulting centralized controller transfer matrix is (12). 
Fig. 7 The block structure for the synthesis of centralized Hinf controller  
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3.3. Simulation experiment 
Simulation experiment verifying the settings of the control system was made on the state non-linear model of high-
pressure part of steam super heating. The experiment shows increaseof heating power from 50 % to 100 % with a tendency
of 10 mega Watt per 60 seconds while lasting 5 minutes and decreasing with a tendency of 10 megaWatt per 60 seconds 
back to the 50% heating power. Fig. 8 shows temperature of output superheater 4. 
Fig. 8 The temperature after the boiler (superheater 4) 
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4. Fuzzy control 
4.1. Fuzzy strategy option 
Currently the control system uses conventional adaptive PID controllers in cascade structure. The process of adaptation is 
based on a suitable selection of parameters according to the knowledge and experience. These regulators are unable to fully 
work with new requirements for quality control, because the requirements for increasing effectiveness are forcing 
manufacturers to work with steam parameters near critical values. Also requires the injection of cooling water was minimal 
and not even reduced further efficiency. In practice, such processes are regulated by a man, who knows from his own 
experience how to regulate them without a need to know their mathematical description. In such situations is suitable fuzzy 
controller. 
This paper discusses the possibility of using fuzzy principles based on PI-controllers can be substituted directly through 
the fuzzy PI-controllers [7]. In these cases, the cascade structure is maintained. This type of control strategy is applied on 
the high pressure (HP) steam part. The standard cascade structure Fig. 9 is maintained and PID controllers are substituted 
for Fuzzy PI controllers (F-PI-C) [8]. 
Fig. 9 The cascade fuzzy PI control for HP steam generator 
4.2. structure of the fuzzy PI controller 
The structure of F-PI-C is shown in Fig. 10. The main part is realized by fuzzy logic controller (FLC). Inputs to the 
controller are error signal e and its first derivation, change of error signal Δe. The increment of value manipulated variable 
Δu on the output of FLC is generated. Block of integration to create a value of manipulated variable from Δu. Fuzzy logic 
controller (FLC) consists of 3 blocks: Fuzzification, inference and defuzzification. Each input measured value e, Δe is in the 
range, the universe, assigned to membership function with a degree of membership µ. [7] [8] 
Fig. 10 The Structure of the Fuzzy PI controller with the antiwindup 
Responses of control systems with fuzzy controller depend on many factors: 
-  Type of membership function - triangle, trapezoid, Gauss. 
-  Choice a number of membership functions. 
-  Point of intersection level 
-  Distribution membership functions in the universe 
-  Method used in a defuzzification - most significant maximum method 
-  Design of base rules and base of data 
-  Choice of scale universe Ke, Kde, Ku
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Choice of scale universe Ke, Kde, Ku was evaluated as one of the key factor for control design. Input (e, Δ e) and output 
(Δu) value is multiplied by a constant Ke, Kde, Ku, which indicates a real range of the FLC universe. The principle is to find 
a value scale, the inputs values of FLC were transformed in order to achieve the max of whole universe range, for which 
FLC is designed.  
4.3. Simulation experiment 
Simulation experiment verifying the settings of the fuzzy control system has the same parameters as chapter 3.3. For all 
fuzzy logic controllers, the universes are sets in the range [-1;1]. It is used 9 memberships function for e, Δe and Δu 
thickened at the center. Total is generated 81 rules for each fuzzy logic controller. Design of appropriate scales of F-PI-C 
were implemented experimentally on a non-linear model part of steam superheating. Values e, Δe are multiplied by 
a constant Ke, Kde and then are maintained in the range of the universe [-1;1]. The choice scales of the universe is shown in 
fig.11 
Fig. 11 Error value e and first derivation de  
5. The comparison of original and new control systems 
The comparison control systems are made on the HP part of steam super heating. Experiments show increaseof heating 
power from 50 % to 100 % with a tendency of 10 mega Watt per 60 seconds while lasting 5 minutes and decreasing with a 
tendency of 10 megaWatt per 60 seconds back to the 50% heating power. Fig. 12 and Fig. 13 shown all important 
temperatures and illustrates the action values on spray attemperators. 
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Fig. 12 Comparison of output temperature after the boiler (superheater 4) 
Fig. 13 Opening of valve 1, valve 2, valve 3 – Comparison PID, Robust and Fuzzy control 
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6. Conclusion 
The comparison of all control systems (standard PID cascade structure v. decentralized and centralized H robust 
controllers and fuzzy PI cascade structure) is proved on the high pressure part of steam super heating. The original control 
circuit has the cascade structure with PI controllers in both loops. Parameters (P and I) are continuously switching by the 
actual power level and boiler conditions. The P (fuzzy PI) controller in inner loop and decentralized robust H controller 
(fuzzy PI) in outer loop are used in this structure. The P controllers were found manually and the robust controllers were 
found by the mixed sensitivity function (8) for all separate parts. Fuzzy PI controllers were design experimentally on a non-
linear model of steam superheating. Parameters of fuzzy PI controllers allow including the whole universe.  
Experiments show increaseof heating power from 50 % to 100 % with a tendency of 10 mega Watt per 60 seconds while 
lasting 5 minutes and decreasing with a tendency of 10 megaWatt per 60 seconds back to the 50% heating power. Fig. 12 
and Fig. 13 shown all important temperatures and illustrates then the action values on spray attemperators. The Fig. 12 is 
detailed to the most important output temperature, where it was show that decentralized and centralized H robust 
controllers and fuzzy PID controllers can achieve better performance, better robustness and the steady-state time is shorter 
than original PID controllers.  
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